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The Mossbauer spectra of Nd2Fe 1 7 and Nd2Fe 17N2.6 have been measured at various
temperatures between 78 and 295 K and analyzed with a model that is based on the Wigner
Seitz cell environment of each iron site, the orientation of the magnetization, and the magnetic
moments as determined from either neutron-diffraction measurements or band-structure
calculations. Upon nitrogenation of Nd2Fe 17, the weighted average isomer shift increases from
0.060 to 0.164 mm/s and further the isomer shifts of_the four crystallographically distinct sites
increase in agreement with the increase observed in their Wigner-Seitz cell volumes and the
presence of a nitrogen near neighbor for two of the sites. Upon nitrogenation of Nd2Fe1 7, the
weighted average hyperfine field increases from 292.3 to 333.8 kOe. However, the increases on
the 6c and 18/ sites are much smaller than those observed on the 9d and 18h sites; changes
which are in agreement with calculated changes in the magnetic moments upon nitrogenation of
Nd2Fe 17, Gd2Fe17, and Y2Fe 17. The temperature dependence of the isomer shifts indicates an
increase in covalency upon the formation of the nitride.

I. INTRODUCTION

Recently, the search for new hard permanent magnet
materials has shifted from the ternary borides, R2Fe 14B, to
the ternary nitrides, R2Fe 17N3 _8• 1-4 It is known 1 that in
terstitial nitrogen atoms substantially increase the Curie
temperature of the corresponding R2Fe 1 7 compounds. The
crystallographic and magnetic properties of the R2Fe 17
compounds have been known for many years.5•6 In this
paper, we will concentrate on Nd2Fe 17 and its nitride,
Nd2Fe 17N2.6• Both compounds crystallize in the rhombo
hedral Th2Zn17 structure, in which the iron atoms occupy
the four inequivalent 6c, 9d, 18/, and 18h crystallographic
sites. The 6c site, the so called "dumbell site," plays an
important role in determining the magnetic properties of
the R2Fe 1 7 compounds and their nitrides. Indeed, it is gen
erally accepted both that the short iron-6c-iron-6c distance
in the R2Fe 17 compounds is responsible for their low Curie
temperatures, and that the increase in this bond distance
upon nitrogenation leads to the high Curie temperatures
observed for R2Fe 17N 3 _8• 1
The crystallographic and magnetic structures of
Nd2Fe 1 7 (Ref. 7) and Nd2Fe 17N2.4 (Ref. 8) have been
studied by powder neutron diffraction and, for both com
pounds, the magnetization lies in the basal plane. The mag
netic moments were found to be parallel with the hexago
nal basal plane, in agreement with the sign of the Ag
crystal-field parameter and the aJ second-order Stevens co
efficient for Nd2Fe 17•9 The structural results indicate that
the nitrogen atoms are located on the pseudooctahedral 9e
4845
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site and have only 18/ and 18h near neighbors. 10 In addi
tion, the iron-6c-iron-6c distance is increased by 0.022 A
or 0.9% upon nitrogenation. However, this increase is ap
proximately the same as that induced by hydrogenation of
Nd2Fe 17, whereas the increase in Curie temperature is
twice as large in the nitride as in the hydride. Therefore,
there must be additional factors that account for the large
increase in Curie temperature and magnetization in the
nitrides. As will be shown in this paper, Mossbauer spec
troscopy, which probes on a microscopic basis the iron
atoms on the four inequivalent crystallographic sites, is
helpful in understanding the effect of the interstitial nitro
gen on the magnetic properties of Nd2Fe1 7N2.6·

II. EXPERIMENT

Nd2Fe 17 and Nd2Fe 17N2.6 were prepared as described
previously. 1 1 Mossbauer absorbers of 36 mg/cm2 thickness
were prepared from powdered samples which had been
sieved to a 0.045 mm or smaller diameter particle size.
Mossbauer spectra were obtained between 85 and 295 K on
a constant-acceleration spectrometer which utilized a
rhodium matrix cobalt-57 source and was calibrated at
room temperature with a-iron foil. The resulting spectra
have been fit as discussed below and elsewhere 12 and the
estimated errors are at most ±0.5 kOe for the hyperfine
fields, ±0.005 mm/s for the isomer shifts, and ±0.01 mm/
s for the quadrupole shifts.

0021-8979/92/224845-10$04.00
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Ill. MOSSBAUER SPECTRAL RESULTS

Figures 1 and 2 show the Mossbauer spectra of
Nd2Fe 17 and Nd2Fe 17N2•6 obtained between 85 and 295 K.
Our spectra are similar to those reported by Hu et al., 13
however, they show a substantially higher resolution be
cause of a narrower spectral linewidth. Indeed, Hu et al. 13
report linewidths in the range of 0.28-0.36 mm/s, whereas
the linewidths of the spectra measured herein are in the
range of 0.24-0.29 mm/s. The small spectral linewidths
observed for the Nd2Fe 17N2.6 spectra indicate that the ni
trogenation has led to a uniform distribution of nitrogen
within the sample. In addition, the spectra in Figs. 1 and 2
reveal, at most, a small amount of a-iron, an impurity
phase. This impurity is most likely due to some neody
mium oxidation during alloy preparation. Because the
spectra shown in Figs. 1 and 2 have such a high resolution,
we were able to perform a more detailed and more highly
constrained analysis of the Mossbauer spectra than has
been possible in earlier studies.
The spectra were fit with a least-squares program
which uses a second-order approximation to calculate the
magnetic sextets from the hyperfine parameters. This tech�
nique was previously described in detail 12 and successfully
applied to the R2Fe14B and R2Fe14C compounds. 14- 16 In
this fitting program, for a given sextet, there are five ad
justable parameters, the isomer shift 8, the magnetic hy
perfine field H, the quadrupole interaction e2Qq/2, the
asymmetry parameter T/, and the angle e, between the prin
cipal axis of the electric-field gradient tensor and the hy
perfine field. Because in Nd2Fe 17 and Nd2Fe 17N2.6 the mag
netic moments, and hence the hyperfine fields, lie in the
basal plane of the unit cell, the four inequivalent iron crys
tallographic sites split into seven inequivalent magnetic
sites, which are labeled herein as 6c, 9d6, 9d3, 18/12, 18/6,
18h 12, and 18h6• Therefore, seven sextets with the relative
intensities of 6:6:3:12:6:12:6 and a maximum of 35 hyper
fine parameters are necessary to fit the Mossbauer spectra
shown in Figs. 1 and 2. However, the isomer shifts for the
pairs of crystallographically equivalent sites, i.e., the 9d6
and 9d3 sites, the 18/12 and 18/6 sites, and the 18h 12 and
18h6 sites, must be equal. In addition, the hyperfine fields
for these pairs of sites are expected to be, at most, slightly
different as a result of variations in the dipolar and orbital
contributions to the magnetic hyperfine fields.
For the 6c site, the principal axis of the electric-field
gradient tensor is expected to lie along the crystallographic
c axis and, hence, the e angle is 90° and the asymmetry
parameter 1J is zero for this site. Because of the low sym
metry of the near-neighbor environments of the remaining
three iron sites, it is difficult to determine the orientation of
the principal axis of the electric-field gradient tensor and
therefore the value of e. Hence, for these sites, e and 1J are
set equal to zero. In other words, a first-order approxima
tion is used to calculate these magnetic sextets and the
resulting quadrupole interaction actually represents the
quadrupole shift, e2Qq(3 cos2 8-1)/2. Thus, for the 9d,
18/, and 18h sites, a comparison of the quadrupole shifts
found for a pair of crystallographically equivalent sites will
permit us to estimate the quadrupole interaction and the
4846
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FIG. 1. The Mossbauer effect spectra of Nd2Fe 17 obtained at the indi
cated temperatures.
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FIG. 2. The Mossbauer effect spectra of Nd2Fe 17N2_6 obtained at the
indicated temperatures.

two e angles for each of these sites, as is discussed in Sec.
VI.
All of the assumptions and associated constraints men
tioned above reduce the number of adjustable hyperfine
parameters to 18. In addition, the baseline, the absorption
area, and one linewidth for all absorption lines are adjust
able parameters. In practice, not all 21 of these parameters
may be simultaneously fit. Rather, the hyperfine fields and
isomer shifts are first varied and then the quadrupole shifts
4847
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are varied. The solid lines shown in Figs. 1 and 2 are the
result of such fits and the resulting hyperfine parameters
are given in Tables I and II. The assignment of the seven
different sextets to the seven magnetically inequivalent iron
sites is discussed in Sec. IV. All MISFIT 17 parameters are
less than 1 %, a value that is excellent for such complex
and highly resolved spectra. In the fits of the Nd2Fe 17 spec
tra an eighth sextet has been introduced at all temperatures
with a relative intensity of about 1.5%, and its hyperfine
param'eters are characteristic of a-iron. R2Fe 17 samples of
ten contain a few percent of a-iron as does our sample of
Nd2Fe 17• In addition, at 225 and 295 K a doublet was ·
added in the center of the spectra. We believe that at these
temperatures, which are close to the Curie temperature,
portions of the sample become paramagnetic and contrib
ute to an increased absorption in the center of the spectra.
A similar conclusion was also reached by other authors. 1 8
In the fits of the Nd2Fe 17N2.6 spectra, an eighth sextet has
been introduced at all temperatures with a relative inten
sity of about 8% and its resulting hyperfine parameters are
compatible with those expected for a nitrided iron phase.
This phase was also observed in the neutron diffraction
pattern of this sample. 19
It is interesting to compare the fits of the spectra in
Figs. 1. and 2 with previously published results. All au
thors 13· 18·20 use six to seven sextets to represent the inequiv
alent magnetic iron sites of the R2Fe 17 compounds and
their nitrides. In addition to these seven sextets, Rupp and
Wiesinger 18 and Hu et al 13 introduce a central doublet of
uncertain origin. Furthermore, Gubbens and co-workers20
and Hu et al. 13 introduce an additional sextet which is as
signed to a-iron. Its relative intensity is not reported but,
from the spectrum of Nd2Fe 17 obtained at 293 K by Hu
et al., 13 it appears to be larger than the mean value of 1.5%
observed in Fig. 1. Since, at most, only certain of the hy
perfine parameters are reported by these authors, it is dif
ficult to determine whether the constraint of equal isomer
shifts for the pairs of crystallographically equivalent sites
has been used in ·their fits. The positions of the lines indi
cated by the bars in the spectra of Nd2Fe 17 and its hydride
in the figures of Rupp and Wiesinger 18 indicate that this
constraint was not used. From the published work of Gu
bbens and co�workers20 and Hu et al., 13 it is impossible to
determine which constraints were used.
Hu et al 13 used different linewidths for the outer, mid
dle, and inner pairs of lines in a given sextet; however, they
do not indicate whether different linewidths were used for
the different sextets. The spectrometer used for this work
does not give any broadening of the outer lines of the a
iron foil calibration spectrum and, hence, no such broad
ening in the fit of the Nd2Fe 17 and Nd2Fe 17N2.6 spectra has
been allowed. Furthermore, there is no physical basis for
differing linewidths for the different sextets in Nd2Fe 17 and,
hence, only one common linewidth was used for all seven
sextets. In Nd2Fe 17N2.6, because of the substoichiometric
nitrogen content, the iron on the 18h and 18/ sites can
have either zero or one nitrogen near neighbor. This vari
ation. in their near-neighbor environments may lead to a
small distribution of hyperfine parameters and, hence, a
Long et al.
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TABLE I. Mossbaer spectral hyperfine parameters for Nd2Fe 1 7•

T (K)
H (kOe)

78
85
120
155
225
295

5" (mm/s)

78
85
120
155
225
295

QS (mm/s)

78
85
120
155
225
295

6c
349.5
351.0
340.0
327.3
288.8
186.0,
0.250
0.250
0.230
0.215
0.165
0.110
-0.06
-0.05
-0.05
-0.05
-0.05
-0.00

9d6

9d3

300.0
301.2
290.7
277.6
241.0
175.1

273.6
275.0
264.6
251.8
226.0
150.2

283. l
285.4
275.4
264.2
231.0
151.0

314.l
314.7
306.3
295.1
260. l
152.9

270.5
271.0
263.0
253.6
225.0
151.2

265.9
267.4
258.2
248.0
219.8
140.8

291.0
292.3
282.9
271.7
239.4
157.0

-0.070
-0.070
-0.080
-0.090
-0.122
-0.165

-0,070
-0.070
-0.080
-0.090
-0.122
-0.165

0.060
0.060
0.042
O.D25
-0.015
-0.090

0.060
0.060
0.042
0.025
-0.015
-0.090

0.065
0.064
0.047
0.030
-0.005
-0.065

0.065
0.064
0.047
0.030
-0.005
-0.065

0.061
0.061
0.044
0.029
-0.009
-0.071

-0.10
-0.10
-0.10
-0.10
-0.10
-0.12

0.34
0.34
0.32
0.30
0.29
0.32

0.43
0.44
0.44
0.43
0.44
0.37

-0.10
-0.10
-0.14
-0.10
-0.10
-0.00

-0.42
-0.42
-0.43
-0.42
-0.43
-0.44

0.48
0.48
0.48
0.48
0.48
0.45

18/12

18/6

l8h12

18h6

Weight average

•Relative to room-temperature a-iron foil.

broadening of the absorption lines of these sites. If the
linewidths of the l 8f and 18h sites are varied, they are
found to be larger by 0.007--0.002 mm/s than the 6c and 9d
site linewidths. The solid lines in Fig. 2 correspond to the
fits with these free linewidths for the 18f and 18h sites.
In the following sections, we will discuss separately the
isomer shifts, the hyperfine fields, and the quadrupole in
teractions observed for Nd2Fe 17, and their changes upon
forming Nd2Fe 17N2.6IV. ISOMER SHIFTS AND SITE ASSIGNMENTS
Because two and four of the seven sextets have the
same relative intensity of 12 and six, respectively, the as
signment of the sextets to the seven inequivalent magnetic

sites cannot be based solely on their relative intensities.
Since the isomer shifts within crystallographically equiva
lent pairs of sites, the 9d6 and 9d3 , the 18f12 and 18f6, and
the 18h 12 and 18h6 sites, have been constrained to be equal,
we are able to assign unambiguously the seven sextets to
the seven inequivalent magnetic sites in Nd2Fe 17 and
Nd2Fe 17N2.6• This assignment is based on the Wigner-Seitz
cell volumes 10 for the crystallographically inequivalent 6c,
9d, 18f, and l 8h sites in the Th2Zn 17 structure of these two
compounds. The temperature dependence of the isomer
shifts for the individual sites in both compounds is shown
in Fig. 3. Table III summarizes useful information for the
discussion of the isomer shifts and, in particular, gives the
Wigner-Seitz cell volumes Vws as computed 10 from the
crystallographic data for Nd2Fe 17 (Ref. 7) and

TABLE II. Mossbauer spectral hyperfine parameters for Nd2Fe 17N2_6•

T (K)
H (kOe)

78
85
155
225
295

5• (mm/s)

78
85
155
225
295

QS (mm/s)

78
85
155
225
295

6c

9d6

9d3

18/12

18/6

360.0
361.9
358.2
355.7
343.2

381.0
383.0
378.3
375.9
364.0

365.7
370.7
361.4
359.7
347.9

298.8
299.6
295.0
293.6.
283.5

315.0
317.9
314.9
312.7
303.9

-0.002
-0.002
-0.035
-0,060
-0.100

-0.002
-0.002
-0.035
-0.060
-0.100

0.175
0.175
0.145
0.117
O.Q75

0.175
0.175
0.145
0.117
0.075

-0.18
-0.18
-0.18
-0.25
-0.25

0.36
0.36
0.36
0.36
0.36

0.10
0.10
0.10
0.10
0.10

0.38
0.38
0.38
0.38
0.38

0.290
0.290
0.255
0.220
0.175
-0.38
-0.38
-0.38
-0.38
-0.36

l8h12

\

326.l
327.9
325.0
320.9
312.0
0.198
0.195
0.165
0.132
0.100
-0.20
-0.20
-0.20
-0.20
-0.20

18h6
332.0
334.0
330.2
327.0
317.0

Weight average
331.8
333.8
329.7
327.1
316.8

0.198
0.195
0.165
0.132
0.100

0.165
0.164
0.133
0.103
0.065

0.38
0.38
0.38
0.38
0.38

•Relative to room-temperature a-iron foil.
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FIG. 3. The temperature dependence of the Mossbauer effect isomer shift
in Nd2Fe17 and Nd2Fe 17N2.6·

Nd2Fe 17N;4 (Ref. 8) by using atomic radii of 1.26, 1.82,
and 0.92 A for iron, neodymium, and nitrogen, respec
tively.
There is no ambiguity in the assignment of the 6c sex
tet. Our results and earlier work 13• 18•20 clearly indicate that
this site has the largest isomer shift, a conclusion which is
consistent with the largest Wigner-Seitz cell volume found
in both Nd2Fe17 and Nd2Fe 17N2.6• The assignment of the
18/ and 18h site isomer shifts in both Nd2Fe 17 and
Nd2Fe 17N2.6 is also in agreement with the relative Wigner
Seitz cell volumes for these sites. In Nd2Fe 17, the 9d site
has the smallest isomer shift in agreement with its smallest
Wigner-Seitz cell volume. In contrast, in Nd2Fe 17N2.6, the
9d site has the smallest isomer shift but does not have the
smallest Wigner-Seitz cell volume. However, as will be
discussed below, the change in isomer shift for this site
upon nitrogenation is reasonable. In conclusion, in
Nd2Fe 17 the sequences of isomer shifts and Wigner-Seitz
cell volumes, 6c> 18h > 18/> 9d, are identical. In
Nd2Fe 17N 2,6, the sequence is 6c> 18h > 18/> 9d for the
isomer shift and 6c> 18h > 9d> 18/ for the Wigner-Seitz

11

12

Wigner-Seitz Cell Volume, A3

13

FIG. 4. The correlation between the Wigner-Seitz cell volume and the
isomer shift for each site and its weighted average in going from Nd2Fe 17
(solid symbols), to Nd2Fe 17N26 (open symbols).

cell volumes, and except for the position of the 9d site, the
two sequences are equivalent. The changes in isomer shift
upon nitrogenation are shown graphically in Fig. 4, a plot
of the isomer shift versus the Wigner-Seitz cell volume.
Clearly the influence of nitrogenation upon the 18/ and
18h sites, which have one nitrogen near-neighbor each, is
more pronounced than upon the 6c and 9d sites which
have no nitrogen near neighbors.
The effect of nitrogenation on the isomer shift may be
discussed on the basis of either the weighted average iso
mer shift or the individual site isomer shifts. Upon nitro
genation, the unit-cell volume expands, 8 · and hence the
Wigner-Seitz cell volume of each site increases, as given by
av, or perhaps better by av;v, in Table III. This overall
expansion of the lattice results in the well-known volume

TABLE III. Isomer shifts and related quantities for Nd2Fe 17 and Nd2Fe 17N2_6•
Parameter

Compound

6c

9d

8, 85 K

Nd2Fe 17
Nd2Fe 17N2.6

0.250
0.290
0.040
-5.8
-5.3
71.7
78.5
0
12.33
12.76
0.43
3.5
0.034
1.18

-0.070
-0.002
0.068
-4.1
-4.5
101.5
92.5
0
11.23
11.84
0.61
5.4
0.053
1.28

(mm/s)
A8 (mm/s)
(d8/dT) X 104
(mm/s K)
Meer (g/mol)
Nitrogen nn
Vws 295 K
(.1\3)
AVws (A.3)
AVws!Vws (%)
A In Vws
Ao/A In Vws (mm/s)

4849
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18/ ..
0.060
0.175
0.115
-6.3
-4.5
66.0
92.5
I

11.70
11.74
0.04
Q.3
0.003
38.30

18h

Weight average

0.064
0.195
0.131
-5.9
-4.5
71.0
92.5
I
11.99
12.43
0.44
3.7
0.036
3.64

0.060
0.164
0.104
-5.7
-4.6
73
90
11.79
12.12
0.33
2.8
O.D28
3.71

Long et al.
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effect on the weighted average isomer shift. The decrease of
the electron density at the iron nucleus produces an in
crease in the observed weighted average isomer shift !::.[, of
0.104 mm/s. This value agrees with the increase of 0.1
mm/s reported by Hu et al.,13 who prefer to estimate the
volume effect on the isomer shift by computing !::.[,/!::. In V,
as is given in Table III. A typical value for this .ratio in
a-iron21 is 1.31 mm/s. We observe a !::.8/!::. ln V value of
1.58 mm/s in excellent agreement with the value of 1.6
mm/s reported by Hu et al. 13
In order to understand the effect of nitrogenation on
the isomer shift of an individual iron site, both the volume
increase upon nitrogenation and the presence of a near
neighbor nitrogen atom must be considered. The 6c and 9d
sites have no nitrogen near neighbors in stoichiometric
Nd2Fe17N3 and, hence, we expect to observe only the in
fluence of the volume increase on the isomer shift. In con
trast, as shown by the !::. V values given in Table III, only a
near-neighbor nitrogen effect is expected for the isomer
shift of the 18/ site because its Wigner-Seitz cell volume
remains virtually constant upon nitrogenation. For the 18h
site, a combined volume increase and near-neighbor nitro
gen influence on the isomer shift is expected. For the 6c
and 9d sites the !::.[,/!::. ln V values of 1.18 and 1.28, respec
tively, are close to the·{)bserved value for a-iron.21 For the
18/ site the isomer shift increase of 0.115 mm/s is due
solely to the presence of one nitrogen near neighbor. For
the 18h site the isomer shift increase of 0.135 mm/s is the
largest observed for the four sites and may be attributed to
both the nitrogen near neighbor and the lattice expansion
of the Wigner-Seitz cell volume. If we assume that the
influence of the nitrogen is, at most, equal to the increase in
isomer shift of 0.115 mm/s observed for the 18/ site, then
the contribution of the volume increase to the isomer shift
is 0.02 mm/s and !::.[,/!::. ln Vis 0.55 mm/s, values that are
somewhat small but reasonable.
The comparison of the individual isomer shifts with
those of other authors is difficult, because of the varying
assignments used by different authors and because of their
often partial report of the isomer shift values. Hence, we
will only compare the weighted average isomer shift. In
Nd2Fe17, the weighted average isomer shift of -0.064
mm/s observed at 295 K agrees rather well with the value
of -0.084 mm/s reported by Rupp and Wiesinger. 18 These
two values disagree with the surprisingly negative value of
-0.06 mm/s observed at 15 K reported by Hu et al. 13 The
85 K weighted average isomer shift of 0.164 mm/s given in
Table III for Nd2Fe17N2.6, is much larger than the value of
0.04 mm/s observed at 15 K reported by Hu et a!. 13•22
Hu et al. 13 do not report the isomer shifts for the in
dividual sites but they do note that the largest increase in
isomer shift is observed for the 18/ site, presumably be
cause the nitrogen 9e to iron 18/ distance is shorter than
the nitrogen 9e to iron 18h distance; a difference that forms
the basis for their assignment of the 18/ and 18h sites.
Actually, the nitrogen 9e to iron 18/ and nitrogen 9e to
iron 18h distances are rather similar at 1.924 and 1.936 A,
respectively.8 Hu et al. 13 also report a decrease in the iso
mer shift for the 6c site upon nitrogenation. This conclu4850
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FIG. 5. The temperature dependence of the Mossbauer effect hyperfine
field in Nd2 Fe 17 and Nd2Fe11N 2.6·

sion results from their assignment of the 9d6 and 6c sextets
and is not supported by the crystallographic changes that
occur at the 6c site upon nitrogenation. In conclusion, we
believe that our assignment of the seven sextets to the seven
magnetically and four crystallographically inequivalent
iron sites on the basis of the isomer shifts is very reason
able. It is in excellent agreement with the Wigner-Seitz cell
volumes and the crystallographic changes upon nitrogena
tion of Nd2 Fe17• Furthermore, this assignment, reached on
the basis of the isomer shifts, is supported by the associated
magnetic hyperfine fields and quadrupole interactions, as
will be discussed in Secs. V and VI.
V. MAGNETIC HYPERFINE FIELDS

The magnetic hyperfine fields for each site in Nd2 Fe17
and Nd2Fe17N2.6 are given in Tables I and II and are
shown as a function of temperature in Fig. 5. Table IV
presents various parameters that are relevant to the discus
sion of the hyperfine fields measured for the different iron
sites in Nd2Fe17 and Nd2Fe17N2.6• For Nd2Fe17 there is a
direct correlation between the observed hyperfine field and
the number of iron near neighbors, as determined by the
Wigner-Seitz cell, for each site. Indeed, the 9d and 18/
sites, each of which have ten iron near neighbors, have
virtually the same weighted average fields of 292 and 295
kOe, respectively. A similar excellent correlation is found
between the hyperfine fields and the magnetic moments as
determined from neutron-diffraction studies. 7
For Nd2Fe17N26 there is not a direct correlation be
tween the observed hyperfine fields and the number of iron
near neighbors, as determined by the Wigner-Seitz cell, for
each site. However, in Nd2Fe17N2.6, in which the assign
ment of the sextets was initially based on the isomer shifts,
as discussed in Sec. IV, the observed sequence of hyperfine
fields does agree with the sequence of magnetic moments
calculated either by Coehoorn and Daalderop23 for
Gd2Fe17N3 or by Jaswal24 for Y2Fe17N3 (see Table IV).
Long et al.

TABLE IV. Hyperfine fields and related quantities in Nd2Fe17 and Nd2Fe17N2.6.
Parameter
H,85K
(kOE)
MI (kOe)
Mlavc (kOe)
µ, 295K
(µB)
c
µ (µB)
/:;.µ (µB)
d
µ (µB)
/:;.µ (µB)
µ• (µB)
Aµ (µB)
HIµ,

(kOe/µ8)

Fe nn
Nd nn
N nn
Total nn

Compound

6c

9d6

9d3

18/12

18/6

l8h 12

18h6

Weight average

Nd2Fe17
Nd2Fe11N2.6

351.0
361.9
10.9
10.9
1.85
1.9
2.68
2.48
-0.20
2.38
2.43
0.05
2.53
2.65
0.12
189.7
148.9
145.9
13
1
0
14

301.2
383.0
81.8

275.0
370.7
95.7

285.4
299.6
14.2

314.7
317.9
3.2

271.0
327.9
56.9

267.4
334.0
66.6

292.3
333.8
41.5
41.5
1.57
1.55
2.19
2.07
-0.12
2.19
2.33
0.14
2.14
2.37
0.23
186.2
143.3
166.9

Nd2Fe1/
Nd2Fe11N2}
Nd2Fe17
Nd2Fe17N3
Gd2Fe17
Gd2Fe11N3
Y2Fe11
Y2Fe11N3
Nd2Fe17
Nd2Fe,1N2i
Nd2Fe17N2i

86.4
l.58
1.5
1.93
2.66
0.73
2.15
2.41
0.26
1.92
2.53
0.61
185.1
157.2
142.4
10
2
0
12

10.5
1.56
1.5
2.02
1.51
-0.51
2.29
2.15
-0.14
2.25
2.01
-0.24
189.2
142.3
202.4
10
2
1

60.1
1.47
2.34
2.19
-0.15
2.06
2.44
0.38
2.00
2.57
0.57
183.5
135.2
150.6
9
3

1
13

•oata taken from Ref. 7.
bData taken from Ref. 8.
°Data taken from Ref. 27.
dData taken from Ref. 23.
•nata taken from Ref. 24.

Upon nitrogenation of Nd2Fe 17 to form Nd2Fe 17N2.6
there is an overall increase 6.H in the weighted average
hyperfine field25 and the individual site hyperfine fields, as
given in Table IV. In general this increase follows the rel
ative percentage increase of the Wigner-Seitz cell volumes
AVIV given in Table III. Indeed, the expansion of the
lattice upon nitrogenation enhances the ferromagnetic cou
pling between the iron atoms. Furthermore, AH, for the
individual iron sites (see Table IV), correlates very well
with the increase in magnetic moment Aµ calculated by
Coehoorn and Daalderop23 for the nitrogenation of
Gd2Fe 17• For the 6c site, a small increase inµ of 0.05µ 0 is
calculated for Gd2Fe 17N3 and a small increase in hyperfine
field of 11 kOe is observed for Nd2Fe 17N2.6• For the 18/
site; a small decrease in µ of 0.14µ0 is calculated and a
small average increase in the hyperfine field of 11 kOe is
observed. This increase in the hyperfine field is probably
due to an increase in the dipolar contribution to the field as
a result of the overall increase in the magnetic moments
upon nitrogenation. For the 18h and 9d sites, large in
creases inµ of 0.38 and 0.26µ0, respectively, are calculated
and large average increases in the hyperfine field of 60 and
86 kOe, respectively, are observed.
The agreement between our observed increases in the
hyperfine field and the calculated24 increases in µ in going
from Y2Fe 1 7 to Y2Fe 17N 3 is even better, even though the
yttrium compounds have the hexagonal structure.26 In
agreement with Jaswal, in Nd2Fe 17 there is a substantial
increase in the 9d and 18h hyperfine fields upon nitroge
nation, indicating that these sites experience an enhanced
interatomic magnetic exchange coupling with their iron
4851
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near neighbors. In contrast, the 6c and 18/ hyperfine fields
show only small increases upon nitrogenation, apparently
as a result of increases in the dipolar field because of the
overall increase in the magnetic moment. Jaswal24 has
noted that the assignment of the 12j and 12k magnetic
sextets in Lu2Fe 17Nx is inconsistent with his calculated mo
ments. Our assignment of the 18/ and 18h sextets in
Nd2Fe 17N2.6 does not"show this "inconsistency.
Very recently, Gu and Lai have reported27 first
principle, spin-polarized, orthogonalized, linear combina
tion of atomic orbital calculations of the total density of
states and the spin- and site-projected partial density of
states for both Nd2Fe 17 and Nd2Fe 17N3• The moments and
their changes upon nitrogenation, derived from these cal
culations are given in Table IV, and are in rather good
agreement with our experimental hyperfine fields, with the
possible exception of the 18h site for which Gu and Lai
calculate27 a small decrease in moment upon nitrogenation.
In contrast, we observe a substantial increase in the hyper
fine field for this site. In disagreement with the experimen
tal moments, Gu and Lai calculate27 a decrease upon ni
trogenation of the average moment per iron; a decrease
which results mainly from the large decrease in the mo
ment they calculate for the 18/ site.
A useful comparison may be made between the hyper
fine fields measured by Mossbauer spectroscopy and the
magnetic moments measured by neutron diffraction. The
HIµ ratios for the four sites in Nd2Fe 17 are rather constant
with an average value of 186 kOe/µ0. Although rather
constant, these values are higher than the typical 150 kOe/
14
at least
µ 0 value observed for intermetallic compounds,
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in part because of the different temperatures for the two
measurements. The HIµ ratios in Nd2 Fe 17N2.6, given in
Table IV, are obtained from the observed hyperfine fields
at 85 K and the moments calculated by either Coehoom
and Daalderop23 for Gd2 Fe 17N3 or by Gu and Lai27 for
Nd2Fe 17N3. The first set of these HIµ values is rather con
stant with an average value of 143 kOelµB, in good agree
ment with the value of 150 kOelµB generally observed for
intermetallic compounds.14 Similar values for HIµ are
found in the second set with the exception of the 18/ site
for which a surprisingly. low magnetic moment has been
computed.27 We have not used the magnetic moments
measured8 for Nd2 Fe 17N2.4 to compute the HIµ ratios be
cause the neutron-diffraction measurements do not show
any variation in the moments on the 9d, 18/, and 18h sites
and because, as reported by Miraglia et al.,8 the moments
were anomalously lower than those measured7 in Nd2 Fe 17•
The difference in hyperfine fields between the 9d6 and
9d3, 18/12 and 18/6, 18h 12 and 18h6 magnetic sites results
from anisotropic orbital and dipolar contributions to the
hyperfine field. The dipolar contribution has been calcu
lated for Y2 Fe 17, and the largest dipolar contribution was
found28 to be -5 kOe for the 4/ site, which corresponds to
the 6c site in Nd2Fe 17• In Nd2Fe 17, we observe hyperfine
field differences of - 30, +4, and +26 kOe, respectively,
for the 18/, 18h, and 9d sites. In Nd2 Fe 17N2.6, we observe
differences of -18, -6, and + 15 kOe, respectively, for
the 18/, 18h, and 9d sites. Therefore, it seems reasonable
that these field differences are due to a combination of the
dipolar and orbital contributions. Jaswal2 4 has calculated a
very small orbital magnetic moment of 0.05µB in Y2 Fe 17
and Kawakami et al. 19 estimated that such an orbital mag
netic moment would give rise to an orbital contribution to
the hyperfine field of up to 30 kOe.
Because of the different assignments of the sextets by
different authors, a comparison of the observed hyperfine
fields for each site from different studies is difficult, but a
comparison of the weighted average hyperfine fields is pos
sible. For Nd2Fe 17, we observe at 295 K a weighted average
hyperfine field of 159.1 kOe, a value that is in very good
agreement with the 161.4 kOe reported by Rupp and Wies
inger.18 In contrast, the value reported by Hu et al. 13 is 10
kOe larger. This difference can be explained in either of
two ways. First, the expression room temperature 13 may
mean 293 or 295 K, or an uncontrolled temperature. Be
cause the hyperfine fields in Nd2 Fe17 are well below their
saturation values, a small variation in temperature about
295 K could explain this difference. Second, many R2Fe 17
samples contain some a-iron and Hu et al. 13 report neither
the hyperfine parameters nor the intensity of this impurity
in their paper. The 293 K spectrum shown in Fig. 3 of their
paper indicates that their Nd2Fe 17 sample contains a sub
stantial amount of a-iron, the presence of which would
increase the weighted average hyperfine field if not care
fully accounted for in their fit. In Nd2Fe 17, all authors
agree that the 6c site has the largest hyperfine field, and our
295 K value of 190 kOe agrees well with the value of 195
kOe reported by Rupp and Wiesinger. 1 8 As was the case
for the weighted average hyperfine field, the value reported
4852
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by Hu et al. 13 for this site is larger. For the other three
sites, the agreement of our values with those reported by
Rupp and Wiesinger18 is close but not exact. Clearly the
lines of the magnetic sextets have .not been coupled in the
same way by the different authors, but we believe our as
signment best agrees with the known structural properties
of Nd2 Fe 17•
In Nd2Fe 17N2.6, our 295 K weighted average hyperfine
field of 316.9 kOe is in excellent agreement with the value
of 315 kOe reported by Hu et al. 13 However, our individual
hyperfine field values are different from those of Hu et al. 13
and indicate that the 18/ and 18h sites have the reverse
assignment in our fit in agreement with the various calcu
lations23·24 mentioned above. Further, Hu et al. 13 assign the
lowest velocity line, at about -6 mm/s, to the 6c site; an
assignment that leads to a rather surprising decrease in
isomer shift upon nitrogenation. In contrast, we assign this
line to the 9d6 site, which leads to a large increase in the
hyperfine field upon nitrogenation for the 9d6 site. This
large increase is in agreement with both the large magnetic
moment measured for this site by neutron diffraction19 and
the calculations of Coehoom and Daalderop23 and Jas
wal.24 We have attempted, as far as possible, to fit our
spectral data with the model used by Hu et al., 13 but no
satisfactory fit could be obtained. The excellent resolution
of our spectra places tighter constraints on the model
which may be used in their fits. On this basis we have
rejected the model used by Hu et al. 13 and prefer the model
discussed above.
VI. QUADRUPOLE INTERACTIONS

In all of our fits for both Nd2Fe 17 and Nd2Fe 17N2 .6,
there is little if any indication, as expected, of any temper
ature dependence in the quadrupole shift.
In Nd2 Fe 17 and Nd2 Fe 17N2 _6 the magnetization is
known to be in the basal plane8•30 and is usually assumed to
be along the a axis30 of the hexagonal representation of the
rhombohedral Nd2 Fe 17 unit cell. We make the same as
sumption in Nd2Fe 17N2 .6 and, hence, in our model the hy
perfine fields, which are parallel to the magnetization, are
also parallel to the a axis of the unit cell. For the 6c site,
the principal axis of the electric-field gradient tensor is
parallel to the c axis of the unit cell and consequently
makes an angle of 90° with the hyperfine field. Thus, the
quadrupole interaction e2Qq/2 for the 6c site in Nd2Fe 17
and Nd2 Fe17N2.6 is -0.05 and -0.38 mmls, respectively.
These values are quite compatible with the value of 0.12
mmls measured on a paramagnetic sample of Nd2 Fe9Al8 • 31
The changes in bond distances between the 6c iron and its
near neighbors upon nitrogenation are quite anisotropic8
and, hence, a change in quadrupole interaction is expected
upon nitrogenation.
For the 18/ site, the principal axis of the electric-field
gradient tensor is expected to be parallel to the iron 18/
nitrogen 9e-iron 18/ bonds and to pass between the two 6c
sites. Hence, for the 18/6 sites, the principal axis of the
electric-field gradient tensor is parallel to the hyperfine
field and for the 18/12 sites, it makes a e angle of 60° with
the hyperfine field. As a result, the measured quadrupole
Long et al.
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shift of 0.38 mm/s for the 18/6 site in Nd2Fe 17N2.6 corre
sponds to a quadrupole interaction, e2Qq/2, for the l 8f
sites of0.38 mm/s. The0. 10 mm/s value of the quadrupole
shift observed for the 18/12 site then yields a e angle of45 °,
a value which is not too different from the expected 60°.
The quadrupole interactions of 0.35 and 0.44 mm/s found
for Nd2Fe17N2.6 and Nd2Fe17 are consistent with the quad
rupole splitting of 0.65 mm/s measured in paramagnetic
Nd2Fe9AI8•3 1
For the 18h site in both Nd2Fe 17 and Nd2Fe 17N2.6 it is
very diffficult to determine the orientation of the principal
axis of the electric-field gradient tensor. In Nd2Fei7, the
quadrupole shifts derived from our fits are in excellent
agreement with those reported by Hu et al. 13 The quadru
pole shifts observed in our study of Nd2Fe 17 and
Nd2Fe 17N2.6 are consistent with the quadrupole interaction
of 0.38 mm/s measured in paramagnetic Nd2Fe9Al8•3 1 In
Nd2Fe 17 a value of the quadrupole interaction which is
compatible with the measured quadrupole shifts for the
18h 12 and 18h6 sites is0.84 mm/s and yields e values of90°
and 3 2 °, respectively. In Nd2Fe 17N2.6 a value of the quad
rupole interaction which is compatible with the measured
quadrupole shifts for the 18h 12 and 18h6 sites is 0.4 mm/s
and yields e values of 90° and 10°, respectively.
For the 9d site, it is equally diffficult to determine the
orientation of the principal axis of the electric-field gradi
ent tensor. In Nd2Fe17, a value of the quadrupole interac
tion which is compatible with the measured quadrupole
shifts for the 9d6 and9d3 sites is -0.68 mm/s and yields e
values of 50° and 90°, respectively; values which are rea
sonable if the principal axis of the electric field gradient
tensor is parallel to the neodymium-iron 9d-neodymium
direction. Such a quadrupole interaction is compatible with
the quadrupole interaction of0.87 mm/s measured in para
magnetic Nd2FegA1 8•3 1 In Nd2Fe 17N2.6, a value of the
quadrupole interaction which is compatible with the mea
sured quadrupole shifts for the 9d6 and 9d3 sites is
-0.72 mrnf.s and yields e values of 45 ° and 90°, respec
tively. This quadrupole interaction and the e values are
similar to those found in Nd2Fe 17• This is expected because
the near-neighbor environment of the 9d site does not
change upon nitrogenation. The variation of the bond dis
tances between the 9d site and its near neighbors shows a
rather isotropic expansion of the lattice about the 9d site.
VII. LATTICE DYNAMICS

From the temperature dependence of the isomer shift
doldT as given in Table III for both Nd2Fe 17 and
Nd2Fe 17N2.6, and from the temperature dependence of the
logarithm of the spectral absorption area, it is possible to
obtain information on the lattice dynamics of these com
pounds. 32 The effective recoil masses, Metr• which are ob
tained from the temperature dependence of the isomer
shift, are given in Table III. They are larger than57 g/mol
because of the intermetallic covalent bonding in these com
pounds. The weighted average recoil mass is higher for
Nd2Fe 17N2.6 because of the added covalency of the bonding
with the nitrogen atom. This covalent bonding is also ob
served by Jaswai24 in the band-structure calculations for
4853
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Y2Fe 17N3 as compared with those for Y2Fe17• In Table III,
the effective recoil mass is given for each crystallographic
iron site. Because only the 18/ and J8h sites in
Nd2Fe 17N2.6 have a nitrogen near neighbor, a higher effec
tive recoil mass is expected and indeed is observed for these
sites. Because the 6c and 9d sites have no nitrogen near
neighbors, a lower effective recoil mass is expected and
observed for the 6c site but not for the 9d site. The peculiar
behavior of the 9d site may result because the lines of the
9d3 sextet are less well determined than those of the other
sextets, and, as a result, its isomer shift is less well known.
By combining the temperature dependence of the isomer
shift and the temperature dependence of the logarithm of
the absorption area,32 a Mossbauer lattice temperature eM•
a quantity similar to the Debye temperature, may be ob
tained and is found to be 399 and 353 K for Nd2Fe17 and
Nd2Fe 17N2.6, respectively. The densities of Nd2Fe 17 and
Nd2Fe 17N2.6 are 7.8 and 7.4 g/cm3, respectively, and our
results indicate that Nd2Fe 17, with its higher density, also
has a higher Mossbauer lattice temperature. The eM values
are also similar to those obtained for R2Fe 14B and
14 33
R2Fe14C. ,

VIII. CONCLUSIONS

In this work, we have measured and analyzed the
Mossbauer effect spectra of Nd2Fe 17 and Nd2Fe 17N2.6 ob
tained at various temperatures between 85 and 295 K. Be
cause of the purity of the samples and the high resolution
of the resulting spectra, due, at least in part, to their low
a-iron contamination and the homogeneous distribution of
nitrogen in Nd2Fe 17N2.6, the spectra show linewidths sub
stantially smaller than previously reported1 3 and close to
the experimental minimum linewidth. Hence, we are able
to carry out a detailed analysis of the spectra, with a model
that is based on crystallographic and magnetic data and
that is compatible with band-structure calculations on re
lated compounds.
The assignment of the seven sextets to the four inequiv
alent crystallographic iron sites in both Nd2Fe 17 and
Nd2Fe 17N2.6 is based on the isomer shifts, the sequence of
which agrees almost exactly with the Wigner-Seitz cell
volume sequence for the four iron sites. The increase in the
isomer shifts of an individual iron site upon nitrogenation
may be understood in terms of the increase in unit-cell
volume and the presence of a nitrogen near neighbor for a
specific site. The main difference between our assignment
and previous assignments 13 for Nd2Fe 17N3 _8 resides in the
assignment of the lowest-velocity line. Our assignment
leads to a reasonable change in the isomer shifts of all sites
upon nitrogenation.
With the assignment based on the isomer shifts, the
hyperfine fields found for the four iron sites are very rea
sonable for both Nd2Fe 17 and Nd2Fe17N2_6 and correlate
perfectly with the number of iron near neighbors of a spe
cific site. The changes in the hyperfine field upon nitroge
nation of Nd2Fe 17 are in agreement with the unit-cell vol
ume expansion and the calculated changes in magnetic
moments in both Gd2Fe 17 and Y2Fe 17•23•24
Long et al.
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All measured quadrupole shifts are in the range
-0.45 to +0.5 mm/s, a range that is reasonable for the
iron environm..ents found in these compounds and that is
consistent with the paramagnetic spectra of the
31
Nd2Fe17_fex solid solutions.
Finally, the effective recoil masses of iron-57, obtained
from the temperature dependence of the weighted average
isomer shift and the spectral absorption area, indicate an
increase in the covalent bonding of the iron upon nitroge
nation; an increase that is in agreement with the calcula
24
tions of Jaswal and the thermodynamics of the nitroge
34
nation process.
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